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Chapter 1. Introduction 
 
1.1 Backgrounds 
The energy problem has been considered as one of the most serious problems to 
face us in past decades and many scientists also had concentrated to find clean, secure 
and inexpensive next-generation energy. Therefore, many solutions were proposed to 
solve this problem like using natural resource such solar cell, wind or water power 
generation and biomass 1–4. However, using nature resources sometimes limit 
application because they need special environmental qualifications like location, 
weather, and geographical characteristic and so on. Thus, these systems were hard to 
use though wide fields 5. The other suggestion was using fossil fuels with high 
efficiency by an electrochemical reaction method that is fuel cell systems which 
convert chemical fuel to electricity directly using electrochemical reaction such as 
Solid Oxide Fuel Cells (SOFCs), Polymer Electrolyte Membrane Fuel Cells 
(PEMFCs), Molten Carbonate Fuel Cells (MCFCs), Acid Fuel Cell (PAFC), Alkaline 
Fuel Cell (AFC) and so on as shown as in Table. 1. 6. These fuel cells are possible to 
generate clean and high efficiency energy with little environmental impact 7–9. Among 
various types of fuel cells, SOFCs is deemed as an attractive power generating system 
due to their high efficiencies and low greenhouse emission. Moreover, more 




Table 1. Various type of fuel cells and their critical materials issues6 






Solid Oxide Fuel Cell 
(SOFC) 
700 ºC - 1000 ºC 
Stabillized zirconia 
(YSZ) 
45 % - 65 % 
Molten Carbonate Fuel 
Cells (MCFCs) 
650 ºC Molten carbonate 45 % - 50 % 
Phosphonic-acid Fuel Cell 
(PAFC) 
200 ºC Phosphoric acid 35 % - 42 % 
Polymer electrolyte Fuel 
Cell (PCFC) 
25 ºC - 90 ºC 
Ion exchange 
membrane 








1.2 Solid Oxides Fuel Cells (SOFCs)  
As mentioned above in Chapter 1. 1, SOFC is well known as a device that offers a 
clean and low pollution technology and converts the chemical energy directly to 
electrical energy without combustion. Additionally, their reliability, modularity and 
free fuel adaptability are also pointed out as advantages of SOFCs. Among them, the 
most attractive advantage of SOFCs is their high efficiency because SOFCs does not 
follow Carnot cycle of a typical heat engine, and generates electrical energy from 
chemical fuels directly using electrochemical reaction 13-14.  
 SOFC has a very simple structure like a sandwich structure consisting of two 
porous electrodes, anode and cathode, in which reduction and oxidation reactions take 
place at the both sides of SOFCs, and a dense electrolyte having high oxide ion 
conductivity which become a pathway for oxide ion between two electrodes in the 
middle of SOFCs as shown in Figure 1. 1 15. 
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The power generating reaction is started from cathode side, oxygen gas, O  from 
air is reduced and became oxygen ions, O   ions. These O   ions migrate to anode 
though the electrolyte and react with fuel gas at anode, for example, hydrogen (H2) or 
carbon monoxide (CO) gas. Finally, generated e- emits to the external circuit and only 
H2O or CO2 and extra heat are exhausted from these electrode reaction. Therefore, 
SOFCs is clean and efficient promising power generating device. 
 High efficiency, high power density, and fuel flexibility of SOFCs are attributed to 
their high operating temperature ranging over 1073 K to 1273 K. This high operating 
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temperature, however, limits their wide practical uses following these reasons such as 
expensive maintenance cost, degradation of efficiency, chemical reaction, thermal 
stress during operating and postponement of start-up and shutdown process and so on 
1,9–11. To avoid above problems, it is strongly required to reduce operating temperature 
under 1073 K that is called as intermediate-temperature solid oxide fuel cells (IT-
SOFCs). If the operating temperature is reduced into a level of the IT-SOFCs, it is 
possible to improve such as using inexpensive materials, execution time saving of 








Figure 1. 1. Scheme of SOFCs single cell 15 
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1.3 Yttria Stablized Zirconia (YSZ) electrolytes and fluorite structure 
electrolyte 
The high ionic conductivity is essential properties for electrolyte which became a 
pathway of oxide ions from cathode to anode. Yttria Stabilized Zirconia 
((ZrO2)0.92(Y2O3)0.08, YSZ) electrolyte has been considered as a typical electrolyte of 
SOFC due to its high ionic conductivity, mechanical property, thermal and chemical 
stabilities at high operating temperature 21. 
Although YSZ is qualified material for electrolyte, a problem pointed out is the low 
conductivity at the low operating temperatures as shown in Figure 1. 2, that shows 
rapid decrease of ionic conductivity in decreasing temperature into the intermediate 
temperature region 20-23. Moreover, YSZ reacts with cobalt-containing cathode 
materials, for example, lanthanum strontium cobalt ferrite (La0. 6Sr0. 4Co0. 2Fe0. 8O3−x, 
LSCF), lanthanum strontium cobalt (La0.6Sr0.4CoO3-δ, LSC) which is known as having 
high potential cathode materials around 1073 K creating high resistive reaction phase 
21. Thus, it is desired to explore new electrolyte materials instead of YSZ to improve 
SOFCs critical problems from their high operating temperature 24-25. 
 Rare-earth doped ceria-based electrolyte having fluorite structure like YSZ such as 
gadolinium-doped ceria (Ce0.8Gd0.2O2-δ, GDC), samarium-doped ceria (Sm0.2Ce0.8O2-δ, 
SDC) could be a candidate for alternative electrolytes because these electrolytes show 
high ionic conductivity in intermediate temperatures. However, the problem is the 
reduction of Ce4+ ion to Ce3+ ion at reducing atmospheres, or locally at the anodic side 
of the cell.   On reduction of the cerium ions, localized electrons are generated, which 
are easy to act as charge carriers through a small polaron hopping mechanism. The n-
type conduction of ceria-based electrolytes leads to decrease of performance via the 
reduced open circuit voltage and the increased electrochemical oxygen leakage by an 
ambipolar diffusion of oxide ion and electron through the electrolyte. It also causes 
the expansion of the lattice volume, which leads to the problems in mechanical 
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reliability of the cells and stacks 5,17-18. 
 
 
Figure 1. 2. Ionic conductivity of YSZ and other electrolytes depending on 
temperature 
 
1.4 Perovskite materials and CaTiO3-based electrolyte 
Oxide ion conductor is one of the most significant materials playing an important 
role not only in SOFCs but also gas sensor, dielectric, oxygen-permeable membrane 
catalysts 28–30. Perovskite structure having ABO3 structure also attractive to apply as 
an oxide ion conductors because it is easy to adapt other cation of atom and it is able 
to exhibit various conductivities behaviour by dopant materials. Kendall et al. 
compare with fluorite structure, intrinsic activation energy of perovskite structure and 
reported perovskite structure showed higher energy which possible to lead open the 
path way to oxide ion than fluorite structure. Additionally, Sammells et al. reported a 
strong dependence between conductivity and size of the critical radius as well 30-31. As 
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a result, materials having perovskite structure materials also could be qualified ionic 
conducting materials. 
Meanwhile, lanthanum gallate-based electrolytes having perovskite structure can be 
a good representative candidate of replacing YSZ due to its high ionic conductivity 
and stability at intermediate temperature as shown in Figure 1. 2 as well 32. Especially, 
strontium- and magnesium-doped lanthanum gallate (La0.9Sr0.1Ga0.8Mg0.8O3-δ, LSGM) 
is notable material among these materials because it has wide range of electrolytic 
domain. But not only the formation of secondary phases during synthesis process and 
chemical and mechanical compatibility with electrode materials but also their high 
cost of gallium for manufacturing should be disadvantage of LSGM electrolyte 11,19-20. 
 From all these considerations as mentioned above, a novelty electrolyte material to 
alternate YSZ is still required. 
Among various types of perovskite structural materials, Calcium titanate, CaTiO3 is 
kind of typical perovskite material 35. Although the application of CaTiO3-based 
materials itself is not familiar with SOFC system, since Hashimoto et al.reported 
potential of CaTiO3 as an ionic conductor using dopants which leads ionic conduction 
such as Sc or Ga into CaTiO3-based material 
36. These dopants can improve ionic 
conductivity in CaTiO3 and it makes possible to have wide range of ionic conduction 
domain. 
Hashimoto et al. also reported that ionic conductivity of Sc-doped CaTiO3 (CaTi1-
xScxO3-δ) showed almost compatible with that of YSZ at 1073 K. Although scandium 
is one of  the  expensive elements, the  concentration  of  scandium  in  CaTi0.9Sc0.1O3-
δ  is  just quarter of that in “10ScSZ” (89% ZrO2-10% Sc2O3-1%CeO2). Therefore, 
CaTi1-xScxO3- δ series have a potential as next generation electrolyte for SOFCs. 
In this research, conduction properties of CaTi1-xScxO3-δ (x=0.05, 0.1) will be 
measured systemically as functions of temperature and oxygen partial pressure P(O2) 
8 
 
to estimate the ionic transference number without influence of the polarization. And 
crystal structure of temperature dependency will be discussed using WPPD (Whole-
Powder-Pattern-Decomposition) and Rietveld refinement by XRD analysis. Finally, 
the cell performance using CaTi1-xScxO3-δ (x=0.05, 0.1) will be investigated by 










1.5 Object of this study 
In this research, the transport properties of Sc-doped CaTiO3, CaTi1-xScxO3-δ 
(x=0.05, 0.1), are investigated, and the possibility of this material as a new electrolyte 
of SOFC replacing YSZ will be assessed. 
In Chapter 2, conduction properties of CaTi1-xScxO3-δ (x=0.05, 0.1) will be 
discussed to investigate the potential of CaTi1-xScxO3-δ (x=0.05, 0.1) as an electrolyte. 
The partial conductivity will be separated from total conductivity data in order to 
understand contribution of electronic conduction into the conduction mechanism as 
function of oxygen partial pressure and operating temperature. Moreover, some 
simulation analysis will be performed such as ionic transference number and 
electrolyte efficiency based on partial conductivity as well. 
In Chapter 3, the hysteresis observed in the conductivity of CaTi1-xScxO3-δ (x=0.05, 
0.1) during thermal cycles will be discussed. This hysteresis will be investigated in 
terms of phase transition. Temperature dependence of crystal phase will be discussed 
using high temperature x-ray diffraction (HT-XRD) technique, and the relationship 
between phase transition and hysteresis will be investigated. 
In Chapter 4, electrochemical properties of CaTi1-xScxO3-δ (x=0.05, 0.1) will be 
discussed based on previous results. In addition to the ionic and electronic 
conductivities of CaTi1-xScxO3-δ (x=0.05, 0.1) which are discussed in Chapter 2,  
another important parameter to be investigated to apply electrolyte material, that is, 
the electrode reaction rate at the cathode and anode will be investigated. EMF 
measurements are performed as functions of oxygen partial pressure to confirm their 
ability as an electrolyte. The anode and cathode candidate materials are fabricated and 
tested in terms of the compatibility with the CaTi1-xScxO3-δ (x=0.05, 0.1) electrolyte. 
The electrochemical performance is tested by I-V and impedance measurements, and 
the guideline principle for the optimization of the electrode will be discussed. 
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In Chapter 5, all results and conclusions will be summarized by chapter and general 
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Chapter 2. Conduction Properties and their electrolyte efficiencies of 
CaTi1-XScxO3-δ (x=0.05, 0.1) 
2.1 Abstract 
Sc-doped CaTiO3, CaTi1-xScxO3-δ (x=0.05, 0.1) was fabricated by a conventional solid 
state reaction method depending on amounts of Sc-doping and their conduction 
properties were investigated systematically using a 4-terminal method as function of 
various operating temperatures (773 K to 1273 K) and oxygen partial  pressures P(O2). 
The total conductivity depending on oxygen partial pressure was analysed and 
separated by each conduction parameters from a defect chemical point of view in 
order to estimate the ionic and the electronic partial conductivities using fitting 
process following oxygen partial pressure tendency. Moreover, their oxygen 
permeation properties and electrolyte efficiencies also calculated based on 
conductivity results. The ionic conductivity of CaTi1-xScxO3-δ for x=0.05 and 0.1 were 
0.018 S∙cm-1 and 0.03 3S∙cm-1, respectively at 1273 K, and their ionic transference 
numbers were calculated higher than 0.90 under the SOFC operating condition. The 
both CaTi1-xScxO3-δ showed higher ionic conductivity than 8YSZ at measured 
operating temperature ranges. From these results, it was supposed that CaTi1-xScxO3-δ 
(x=0.05, 0.1) has high possibility of alternative electrolyte materials for 8YSZ of 
SOFCs, especially for IT-SOFCs. 
 
2.2 Introduction 
High efficiency of Solid oxide fuel cell (SOFC) among various fuel cell systems 
came from their high operating temperatures such as the range of 1073 K-1273 K, 
approximately. On the other hand, this quite high operating temperature also could be 
a critical drawbacks, for example, long-term stability issues, high cost of stack 
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components , a difficulty in thermal management, long startup / shutdown time, and 
so on 1-2. To solve this series of problems as mentioned above, decreasing the 
operating temperature was raised as a solution.  
Yttria-stabilized zirconia (YSZ) has been selected as the most typical electrolyte 
material of solid oxide fuel cells (SOFCs) due to its thermal stability, high ionic 
conductivity and good thermal expansion compatibility with other electrode materials 
3-4. However, the ionic conductivity is not qualified enough especially for low 
operating temperature below 800ºC due to their stiff drop of ionic conductivity 5. 
Therefore, it was strongly required to find alternative material for YSZ to decrease the 
operating temperature.  
Several candidates were proposed as an alternative material for YSZ having 
fluorite structure such as scandia stabilized zirconia (ScSZ: Zr1-x-yScxCeyO2-x/2), ceria-
based oxides (GDC: Ce1-xGdxO2-x/2, SDC: Ce1-xSmxO2-x/2) and perovskite structure 
such as LaGaO3-based oxides (LSGM: La0.6Sr0.4Ga0.9Mg0.1O3-δ). They have been 
proposed as new candidates for electrolyte due to their higher ionic conductivity than 
YSZ. However, these candidates still had critical disadvantage to overcome for 
example, reduction behaviour at low oxygen partial pressure region, chemical 
compatibility with electrode materials, ionic transportation number, cost and so on 1,6–
9. Thus, to find a suitable electrolyte material is remained as a problem awaiting 
solution as ever. 
The ionic conductivities of perovskite-type oxides were improved by partial 
substitution of lower valence cations by Iwahara et al.10 and it showed similar 
principle with conduction properties of YSZ. Partial substitution forms oxide ion 
vacancies and it leads to the migration of the oxide ion. Additionally, Hashimoto et al. 
reported that ionic conductivity of Sc-doped CaTiO3 (CaTi1-xScxO3-δ) having 
perovskite structure showed almost compatible conductivity with YSZ at 1073 K 11.   
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In this research, conduction properties of CaTi1-xScxO3-δ (x=0.05, 0.1) are 
measured systemically as functions of temperature and oxygen partial pressure P(O2) 
to demonstrate its potential for next generation electrolyte for SOFCs. Also the ionic 
transference number is estimated from the oxygen partial pressure dependence of the 
conductivity for CaTi1-xScxO3-δ (x=0.05, 0.1). Based on the results of total 
conductivity measurement, fitting process is performed to separate the conduction 
parameter (σelectron, σhole, σion)  
Oxygen permeation properties and ionic transference numbers will be estimated 
as well using partial ionic and electronic conductivities to confirm the efficiencies of 





The conductivity of CaTi1-xScxO3-δ (x=0.05, 0.1) were systemically studied in 
this research. Wide ionic conduction domain was observed in intermediate 
atmosphere. The ionic conduction domain was getting wide with decreasing 
temperature.  The CaTi1-xScxO3-δ (x=0.05, 0.1) showed higher ionic conductivity than 
8YSZ at measured temperature range. CaTi1-xScxO3-δ (x=0.05, 0.1) also showed high 
ionic transference number than 0.9 under H2-O2 SOFC operating condition.  
From these results, it was confirmed that CaTi1-xScxO3-δ (x=0.05, 0.1) had high 
potential for electrolyte application of SOFCs although combination with high 
performance electrodes is very important for CaTi1-xScxO3-δ (x=0.05, 0.1) due to the 
controlling leak current in the electrolyte. Although CaTi1-xScxO3-δ (x=0.05, 0.1) 
showed not high enough ionic conductivity comparing with other electrolyte 
candidates such as LSGM, GDC and Sc-YSZ, however, considering the critical 
disadvantages of them, still CaTi1-xScxO3-δ (x=0.05, 0.1) is attractive electrolyte 
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Chapter 3. Temperature and structure dependence of the crystal                     
structure in CaTi1-XScxO3-δ (x=0.05, 0.1) 
 
3.1 Abstract 
The hysteresis was discovered in CaTi1-xScxO3-δ (x=0.05, 0.1) at low operating 
temperature from conductivity measurement in chapter 2. Therefore, it was assumed 
that there is a relationship between hysteresis and phase transition. Although 
application of CaTiO3 are getting wider from electronic device to nuclear materials, 
the exact phase transition behaviour of CaTiO3 is sensitive topic and there are many 
points of view for this phenomenon compare with other part of analysis such as 
conductivity and chemical diffusion mechanism. Therefore, in this chapter, exact 
behaviour of changing in phase and their structure dependency will be discussed 
based on HT-XRD and mechanical properties about CaTi1-xScxO3-δ (x=0.05, 0.1). 
Mechanical properties including internal friction and Young’s moduli also could be 
an evidence for changing in phase because these showed very sensitive behaviour for 
changing in phase as well. To investigate the phase transition behaviour, WPPD and 
Rietveld refinement was performed and resonance method was performed for 
mechanical properties in this chapter. 
 
3.2 Introduction 
In Chapter 2, it was found out that CaTi1-xScxO3-δ (x=0.05, 0.1) had high 
potential because it showed high ionic conductivity than YSZ especially at the 
intermediate temperature region and also showed high ionic transference number. 
However, CaTi1-xScxO3-δ, especially x=0.1compound, shows non-liner activation 
energy change in the conductivity and hysteresis of the conductivity in the 
intermediate temperature range. It is well-known that crystal structure change affects 
22 
 
the conductivity. S.Hashmoto et al., reported the lattice parameters of CaTi0.9Sc0.1O3-δ 
as a function of temperature in their first report of Sc doped CaTiO3 
1. It suggested 
that crystal symmetry is orthorhombic and normalized three lattice parameters are 
close each other at 1073K although the Rietveld analysis or refinement of lattice 
parameters such as Whole-Powder-Pattern Decomposition (WPPD) method has not 
done. It is considered that the change in activation energy of conductivity and the 
hysteresis of conductivity in the intermediate temperature region is related to the 
crystal structure change. Therefore, investing the exact structure analysis is important 
for CaTi1-xScxO3-δ (x=0.05, 0.1) to prove these issues.  
In this chapter, temperature dependence of crystal structure in CaTi1-xScxO3-δ 
(x=0.05, 0.1) is observed by high temperature XRD (HT-XRD). Lattice parameter 
refinement by WPPD method and Rietveld analysis have been done to interpret the 
clear phase change as a function of temperature. In addition to HT-XRD, mechanical 
properties is also performed to support the phase change. According to previous study 
in our group, materials which have phase transition such as Sc doped ZrO2, 
La0.6Sr0.4Co0.2Fe0.8O3-d and so on, clearly showed drastic change of Young's modulus 
and internal friction around phase transition temperature 2-3. Therefore, it is expected 
that Young's modulus and internal friction change will be observed if phase transition 
is happen in in CaTi1-xScxO3-δ (x=0.05, 0.1). Obtained change in the crystal structural 
parameters, and mechanical properties are also compared with the conductivity data 
for fully understanding of change in activation energy of conductivity and the 





In Chapter 2, it was found out that CaTi1-xScxO3-δ (x=0.05, 0.1) had high 
potential because it showed high ionic conductivity than YSZ especially at the 
intermediate temperature region and also showed high ionic transference number. 
However, CaTi1-xScxO3-δ, especially x=0.1compound, shows non-liner activation 
energy change in the conductivity and hysteresis of the conductivity in the 
intermediate temperature range. It is well-known that crystal structure change 
affects the conductivity.  
It suggests that crystal phase of CaTi1-xScxO3-δ (x=0.05, x=0.1) was migrated 
to a higher symmetry structure with temperature increase while orthoronbic Pbnm 
phase is present even at 1123K in selected powder patterns from XRD analysis. 
And WPPD fitting of Pbnm phase was successfully performed in both of CaTi1-
xScxO3-δ (x=0.05, 0.1) and their GOF values were less than 1.2 even though fitting 
was performed by WPPD method. 
Elastic modulus was decreased with increasing temperature in CaTi1-xScxO3-
δ (x=0.05, 0.1). It is generally known that the elastic modulus decrease with 
temperature increasing because of weak bonding with the lattice parameter 
incleasing. 
Therfore, orthorhombic to orthorhombic changing in phase would be a 
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Chapter 4. Electrochemical properties of of CaTi1-XScxO3-δ                    
(x=0.05, 0.1) in SOFC operating condition 
 
4.1. Abstract 
CaTi1-xScxO3-δ (x=0.05, 0.1) was proposed as an electrolyte alternative YSZ at 
intermediate temperature SOFCs (IT-SOFCs) due to its comparable conductivity with 
YSZ. From the previous research, it was clarified CaTi1-xScxO3-δ (x=0.05, 0.1) showed 
higher ionic conductivity than YSZ at intermediate temperature range and ionic 
conduction domain was getting wider with decreasing temperature due to dominant 
ionic conductivity into total conductivity. Moreover, high ionic transference number 
and EMF ratio of theoretical Nernst potential or Wagner-Schmalzried potential versus 
experimental potential showed over 0.9, that is, CaTi1-xScxO3-δ (x=0.05, 0.1) showed 
high potential to apply for electrolyte. However, optimization of electrolyte thickness 
and suitable choice of electrodes are strongly required to apply in practical application 
for SOFCs as well. 
In this chapter, electrochemical properties of CaTi1-xScxO3-δ (x=0.05, 0.1) was 
discussed from impedance and overpotential measurement to optimize the condition 
for CaTi1-xScxO3-δ (x=0.05, 0.1) electrolyte. The overpotential using concentration cell 
using Pt electrode and electrode modified-La0.6Sr0.4CoO3 / CaTi1-xScxO3-δ (x=0.05, 0.1) 
/ Ni- CaTi1-xScxO3-δ (x=0.05, 0.1) cell were investigated to compare the 
electrochemical properties. Chemical compatibility between electrolyte and cathode 
and optimization of anode were investigated by XRD and SEM. Eventually, the 
optimum electrolyte of CaTi1-xScxO3-δ (x=0.05, 0.1) was calculated depending on 





The high operating temperature over 800ºC is sometimes discussed as the 
advantage of SOFC since it brings about the highest efficiency among fuel cell 
systems and enables the use of variety of fuels. However, it leads to the increased cost 
of SOFC systems, and also, serious problems such as long term stability and 
complicated thermal management 1–4. Decreasing operating temperature is a simple 
solution to reduce the cost, to improve the life time of the cell, and to enable the 
flexible operation including rapid startup and shutdown.5.  
Many types of oxide materials were proposed as an electrolyte to replace YSZ 
for reduced temperature SOFCs because the ionic conductivity of YSZ is not enough 
at the intermediate temperature region 6–8. As already mentioned in Chapter 1, 
alternative electrolytes such as gadolinium-doped ceria (Ce0.8Gd0.2O2-δ, GDC) having 
fluorite structure or strontium and magnesium doped lanthanum gallate 
(La0.9Sr0.1Ga0.8Mg0.8O3-δ, LSGM) having perovskite structure show much higher ionic 
conductivity than YSZ. However, these electrolytes still face problems such as 
reduction of Ce4+ to Ce3+ at low oxygen partial pressure region and high cost of 
materials such as La and Ga 9–11. These problems can be a reason to limit the 
reduction of the operating temperature and thus, wide application of SOFC. 
Electrochemical resistance has also been considered as an important point for 
lowering the operation temperature. Especially, cathode material is required to 
improve its electro-catalytic activity for oxygen reduction reaction (ORR) without 
sacrificing chemical stability and compatibility with the electrolyte. For example, it 
has been reported that oxygen transport at the cathode/electrolyte interfaces tends to 
have large resistance when a strontium and cobalt-containing material such as 
lanthanum strontium cobalt ferrite (LSCF), lanthanum strontium cobaltite (LSC) or 
samarium strontium cobaltite (SSC) was used as cathode on a zirconia-based 
electrolyte. This phenomenon is caused by its reactivity with zirconia-based 
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electrolyte forming a second phase like SrZrO3. To prevent the reaction with the 
electrolyte, the use of an interlayer between cathode and electrolyte can be an 
effective solution 12–14. However, this interlayer also makes manufacturing process 
more complex even though electrode reaction is improved dramatically. As a result, 
suitable choice of electrode and electrolyte material is a key point to accomplish the 
lowering temperature. 
In Chapter 2, the high potential of Sc-doped CaTiO3 as an alternative electrolyte 
was demonstrated showing higher ionic conductivity than YSZ at low operating 
temperatures and having ionic conduction domain wide enough for SOFC operation.  
In addition, CaTi1-xScxO3-δ (x=0.05, 0.1) is an inexpensive material even though 
scandium is doped. It is because the amount of scandium used in a unit volume of 
CaTi1-xScxO3-δ (x=0.05, 0.1) is much lower than that of scandia doped zirconia (ScSZ).  
However, CaTi1-xScxO3-δ still remains to be investigated on their real efficiency 
and electrochemical reactions when it is applied in an SOFC operation condition. 
Studies of polarization are necessary in order to confirm the applicability of this 
material as an electrolyte in electrochemical point of view.  
In this chapter, electrochemical properties of CaTi1-xScxO3-δ (x=0.05, 0.1) will 
be investigated by measuring EMF, impedance and I-V curve. Platinum electrodes 
will be first applied as a typical metal electrode. To explore higher performance 
electrodes with CaTi1-xScxO3-δ (x=0.05, 0.1) electrolyte, Ni- CaTi1-xScxO3-δ will be 
tested as the anode, and (La,Sr)CoO3 as the cathode. The effect of the mixed-
conducting nature of CaTi1-xScxO3-δ will be discussed, and the potential of CaTi1-





The electrochemical properties of promising CaTi1-xScxO3-δ (x=0.05, 0.1) 
electrolyte having high ionic conductivity and ionic transference number was 
investigated by electrode modification. 
In case of CaTi1-xScxO3-δ (x=0.05, 0.1) with Pt electrodes, the voltage loss was the 
electrode was overpotential rather than the ohmic resistance even though the 
electrolyte was much thicker than expected in a practical use. Therefore Pt electrode 
confirmed as not suitable electrode material for CaTi1-xScxO3-δ (x=0.05, 0.1) 
electrolyte. 
Microstructure control of Ni-CaTi1-xScxO3-δ (x=0.05, 0.1) cermets was performed 
for based on CaTi1-xScxO3-δ (x=0.05, 0.1) with Pt electrodes. 50 vol% Ni-50 vol% 
CaTi1-xScxO3-δ (x=0.05, 0.1) composite was chosen so as to keep good connectivity of 
Ni particles for the electronic path, and the electrolyte particles for the oxide ionic 
path.  
Chemical compatibility of La0.6Sr0.4CoO3 (LSC) cathode was investigated by SEM 
and XRD. Particles are well connected to each other, which can provide a highly 
conductive oxide ion diffusion path with small tortuosity. And La0.6Sr0.4CoO3 and 
CaTi0.95Sc0.05O3-δ showed excellent chemical compatibility based on XRD analysis. 
From electrode modification of anode and cathode, cell performance and 
polarization of La0.6Sr0.4CoO3 / CaTi1-xScxO3-δ (x=0.05, 0.1) / Ni- CaTi1-xScxO3-δ 
(x=0.05, 0.1) concentration cell was measured. The open circuit voltages were much 
higher than that observed with Pt electrodes. Polarization losses were also 
dramatically improved. It was clarified the ohmic loss of CaTi1-xScxO3-δ (x=0.05, 0.1) 
electrolyte is responsible for most of the voltage loss in La0.6Sr0.4CoO3 / CaTi1-xScxO3-
δ (x=0.05, 0.1) /Ni- CaTi1-xScxO3-δ (x=0.05, 0.1) concentration cell. Further 




The optimum electrolyte thickness of CaTi1-xScxO3-δ (x=0.05, 0.1) was calculated 
having the range of 0.5 μm to 20 μm at intermediate temperature range (1073 K to 
773 K) when the current density is fixed at 1 A cm-2. On the other hand, if the current 
density is decreased until 0.01 A cm-2, the optimum electrolyte thickness was 
calculated 50 μm to 1mm at the intermediate temperature region. It could be 
concluded that CaTi1-xScxO3-δ (x=0.05, 0.1) had a potential as an electrolyte 
depending on required current density level as an anode-supported design at high 
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Chapter 5. Conclusions and recommendation for future work 
 
5.1. Chapter 2 
Conduction properties of CaTi1-xScxO3-δ (x=0.05, 0.1) are measured systemically as 
functions of temperature and oxygen partial pressure P(O2) to demonstrate its 
potential for next generation electrolyte for SOFCs. 
Total conductivity of CaTi1-xScxO3-δ (x=0.05, 0.1) depending on temperature and 
P(O2) under the condition showed slight increase of the conductivity in the oxidizing 
and the reducing atmospheres are most likely attributed to the hole and the electron 
conduction. In case of CaTi0.9Sc0.1O3-δ, total conductivity decreased with decreasing 
temperature but their ionic domain regions were getting wider having wide P(O2) 
region. As a result, it could be concluded that ionic conductivity was main 
conductivity in CaTi0.9Sc0.1O3-δ. After 1073 K, CaTi0.9Sc0.1O3-δ seemed to follow 
typical mixed ionic electronic conductor (MIEC) because obvious hole (p-type) and 
electron (n-type) conduction were observed at oxidizing atmosphere and reducing 
atmosphere, respectively depending on P(O2). Although small contributions of hole 
and electron conductions were observed at high temperatures, ionic conductivity was 
dominant in the total conductivity of CaTi0.9Sc0.1O3-δ. CaTi0.95Sc0.05O3-δ also showed 
similar behavior of total conductivity with CaTi0.9Sc0.1O3-δ. However, the dominant 
effects of hole and electron were getting weaker due to expansion of ionic conduction 
range with decreasing temperature. The contribution of the electronic carriers is 
vanishing at low temperatures as 773 K. 
Another noticeable point in the conductivity of CaTi1-xScxO3-δ (x=0.05, 0.1) is the 
hysteresis behavior between heating and cooling process under low operating 
temperature. It might be related with phase transition in CaTiO3 due to Sc doping. 
Thermal hysterisis was also observed in CaTi0.95Sc0.05O3-δ as well at 773 K but their 
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difference were not bigger than CaTi0.9Sc0.1O3-δ. Mostly, CaTi0.9Sc0.1O3-δ showed 
higher conductivity than CaTi0.95Sc0.05O3-δ under 973 K although CaTi0.9Sc0.1O3-δ had 
narrower ionic domain. It was supposed to relate with hysteresis at low operating 
temperature.  
The both Sc doped CaTiO3 showed higher ionic conductivity than 8YSZ in the 
measurement temperature range in Arrhenius plot. The activation energy of 8YSZ is 
0.85 eV and 1.14 eV at 973 K-1273 K and 773 K-973 K, respectively. 
CaTi0.95Sc0.05O3-δ showed lower activation energy than 8YSZ in the entire temperature 
region. 
The ionic transference number of CaTi1-xScxO3-δ (x=0.05, 0.1), was calculated higher 
than 0.9 in the oxygen partial pressure region covering through the operational ranges 
of practical SOFCs. The electrolytic domain was getting wider with decreasing 
operating temperature. It reflects conductivity results as ionic conduction range was 
getting wider with decreasing operating temperature due to lower effect of hole and 
electronic conductivity. It suggests that series of CaTi1-xScxO3-δ have high potential as 
a SOFC electrolyte. Meanwhile, it is also strongly required to explore compatible 
electrode materials to improve efficiency for series of CaTi1-xScxO3-δ. 
The leak current density was increased with increasing operating temperature and 
increasing partial pressure difference when thickness of electrolyte was assumed as 
100μm. The leak current at 773 K is around 1 mA cm-2 which is tolerable in a SOFC 
system. However, the leak current increases rapidly with increasing temperature, and 
reaches 1 A cm-2 at 1073 K. This value may be overestimated due to the inaccuracy in 
the estimation of n-type electronic conduction which calculated best fitted partial 
conductivity from total conductivity. If the n-type conduction is negligible, the leak 
current decreases down to 0.1 A cm-2. Furthermore, the maximum efficiency of CaTi1-
xScxO3-δ (x=0.05, 0.1) was in the range from 0.8 to 0.9 and 0.8 to 0.7, respectively. 
This result indicates series of CaTi1-xScxO3-δ (x=0.05, 0.1) have high potential for the 
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practical application when compared with Sm-doped ceria electrolyte (Ce0.8Sm0.2O1.9-
x) showing less than 0.6 at 973 K. 
As a result, CaTi1-xScxO3-δ (x=0.05, 0.1) did not show excellent ionic 
conductivity if it is compared with LSGM-based electrolyte or Sc-doped YSZ 
electrolyte. However, when cost is taken into consideration, CaTi1-xScxO3-δ (x=0.05, 
0.1) can be an attractive choice for a practical electrolyte. Although CaTi1-xScxO3-δ 
also uses expensive Sc as well, the amount of Sc used in a unit volume is much 
smaller in CaTi1-xScxO3-δ (x=0.05, 0.1) than Sc-doped YSZ. Therefore, if suitable 
electrode would be assisted with CaTi1-xScxO3-δ (x=0.05, 0.1), CaTi1-xScxO3-δ (x=0.05, 
0.1) electrolyte is still attractive electrolyte considering critical disadvantage of other 
electrolyte candidate due to their high ionic conductivity and high ionic transference 
number. 
 
5.2. Chapter 3 
In Chapter 2, it was found out that CaTi1-xScxO3-δ (x=0.05, 0.1) had high potential 
because it showed high ionic conductivity than YSZ especially at the intermediate 
temperature region and also showed high ionic transference number. However, CaTi1-
xScxO3-δ, especially x=0.1compound, shows non-liner activation energy change in the 
ionic conductivity and hysteresis of the total conductivity in the intermediate 
temperature range. The hysteresis is well-known that crystal structure change affects 
the conductivity. Therefore, the detail relationship between hysteresis of conductivity 
and phase changing was investigated in this chapter. 
First of all, temperature dependence of crystal structure in CaTi1-xScxO3-δ (x=0.05, 
0.1) is observed by high temperature XRD (HT-XRD) and all XRD patterns accord to 
orthorhombic CaTiO3 phases and the secondary phase was not observed in each 
composition. In selected part of X-ray diffraction patterns from 2θ=36 º to 46 º for 
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better understanding, CaTi0.95Sc0.05O3-δ, {(022), (202)} doublet Pbnm reflections 
around 2θ=41 º was seemed to converge with increasing temperature. Furthermore, it 
was also observed that the intensity of (120) and (210) Pbnm reflections around 2θ = 
37 º, and (113) Pbnm reflections around 2θ = 43 º, which are identical peakes for 
orthorombic stracture, decrease with temperature increase. It suggests that crystal 
phase of CaTi0.95Sc0.05O3-δ was migrated to a higher symmetry structure with 
temperature increase while orthorhombic Pbnm phase is present even at 1123 K. On 
the other hand, CaTi0.9Sc0.1O3-δ also showed similar behaviour as well. {(022), (202)} 
doublet Pbnm reflections around 2θ=41 º was seemed to converge with increasing 
temperature. However, the doublet of {(120), (210)} Pbnm reflections seemed to 
disapeare through 323 K to 923 K and it detected at around 973 K. This phenomenon 
also obsrved {(113), (122), (212)} triplet Pbnm reflections around 2θ = 42 º to 44 º. 
Since the structure of CaTi0.9Sc0.1O3-δ is most probably more destored than 
CaTi0.95Sc0.05O3-δ, these Pbnm reflections may become weaker due to the well peak 
dispersion. Another possibilty is change in absorption coeficent by higher doping of 
Sc element. Nevertheless, since {(022), (202)} doublet Pbnm reflections in the low 
temperature was observed and identical Pbnm reflections, {(120), (210), (113)} triplet 
are also observed in high temperature region, Pbnm phase must present whole 
measured temperature range also in CaTi0.9Sc0.1O3-δ, resultingly. 
Before evaluation of the Rietveld refinement, WPPD fitting of Pbnm phase was 
successfully performed in both of CaTi1-xScxO3-δ (x=0.05, 0.1) and it showed low 
GOF values were less than 1.2 even though fitting was performed by WPPD method. 
These results were coincided with conductivity hysteresis behavior also between HT-
XRD and conductivity results. The tilting angle from Rietveld refinement also support 
the possibility of Pbnm phase during entire temperature range in CaTi1-xScxO3-δ 
(x=0.05, 0.1) showing decrease of tilting angle with increasing temperature and it 
indicated typical behavior of CaTiO3 as mentioned above.  
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The mechanical properties of CaTi1-xScxO3-δ (x=0.05, 0.1) was performed depending 
on temperature. Elastic modulus was decreased with increasing temperature in CaTi1-
xScxO3-δ (x=0.05, 0.1). In case of CaTi0.95Sc0.05O3-δ, elastic modulus was drastically 
decreased around at 700K, and internal frction started enhance at the temperature. The 
temperature well accord to drastic chnage in lattice parameter and unit cell volume as 
well. Therefore, in case of CaTi0.95Sc0.05O3-δ, phase change around 700K affects 
elastic modulus and internal friction. In CaTi0.9Sc0.1O3-δ, discontinuity of unit cell 
volume change around 973 K is quite limitted while the temperature at which 
discontinous change in elastic modulus started is also around 973 K. Therefore, 
change in CaTi0.9Sc0.1O3-δ most probrobably affects to the conductivity although the 
reason of conductivity hystersis is still unclear. This change in phase may be 
accompanied with element diffusion such as oxygen. 
From these results, this assumption might be possible to conclude that 
orthorhombic to orthorhombic changing in phase would be a major crystal 
dependency of temperature in CaTi1-xScxO3-δ (x=0.05, x=0.1). Moreover, the phase 
changes affected elastic modulus and internal friction. It was also coincided with 
hysteresis and non-linear ionic conductivity behaviour in CaTi1-xScxO3-δ (x=0.05, 
x=0.1). 
 
5.3. Chapter 4 
It was already confirmed that CaTi1-xScxO3-δ (x=0.05, x=0.1) is an attractive 
electrolyte as itself from the results in Chapter 2. However, the electrochemical 
properties of CaTi1-xScxO3-δ (x=0.05, x=0.1) is strongly required to apply for practical 
usage as an electrolyte with suitable electrodes. Further investigations such as 
measuring EMF, impedance and I-V curve were performed to explore higher 
performance electrodes.  
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In concentration cell of Pt, 0.98 bar H2- 0.02 bar H2O | CaTi1-xScxO3-δ (x=0.05, 0.1) 
| Pt, 0.2 bar O2- 0.8, even though the electrolyte was much thicker than expected in a 
practical use, the major cause for the voltage loss was the electrode overpotential 
rather than the ohmic resistance. CaTi0.95Sc0.05O3-δ showed slightly smaller 
overpotential than CaTi0.90Sc0.10O3-δ at 1073 K because CaTi0.95Sc0.05O3-δ had wider 
ionic conduction domain than CaTi0.90Sc0.10O3-δ as function of temperature. It implies 
wider ionic conduction domain effected on decreasing overpotential. In both cases, 
the platinum was not a good electrode on CaTi1-xScxO3-δ (x=0.05, 0.1) electrolytes due 
to their high electrode overpotential. So, it was required to modify both of electrodes 
for improvement of electrochemical properties, especially, decreasing the electrode 
overpotential.  
50vol% Ni-50vol% CaTi1-xScxO3-δ (x=0.05, 0.1) composite was chosen for anode 
and La0.6Sr0.4CoO3 was chosen for cathode for electrode modification. Excellent 
chemical compatibility was observed between La0.6Sr0.4CoO3 and CaTi0.95Sc0.05O3-δ 
showing except of un-expected second phase at the temperatures up to 1373 K. It 
implied La0.6Sr0.4CoO3 could be used directly into CaTi1-xScxO3-δ (x=0.05, 0.1) 
electrolyte as a cathode without interlayer which essentially used between 
La0.6Sr0.4CoO3 and zirconia-based electrolyte because their low chemical 
compatibility formed reaction phase. After above electrode modifications, cell 
performance and polarization of La0.6Sr0.4CoO3 / CaTi1-xScxO3-δ (x=0.05, 0.1) / Ni- 
CaTi1-xScxO3-δ (x=0.05, 0.1) concentration cell was measured. Polarization losses 
were also dramatically improved compare with Pt electrode. It was clarified the ohmic 
loss of CaTi1-xScxO3-δ (x=0.05, 0.1) electrolyte is responsible for most of the voltage 
loss in La0.6Sr0.4CoO3 / CaTi1-xScxO3-δ (x=0.05, 0.1) /Ni- CaTi1-xScxO3-δ (x=0.05, 0.1) 
concentration cell. However, especially in the anode side, was still high overpotential 
was observed for a practical application to a reduced temperature SOFCs. Therefore, 
further modification of the electrodes would be possible by several techniques for 
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example, homogeneous mixing of the materials, particle size control, and 
optimization of the porosity and the connectivity. 
The optimum electrolyte thickness of CaTi1-xScxO3-δ (x=0.05, 0.1) was calculated 
having the range of 0.5 μm to 20 μm at intermediate temperature range (1073 K to 
773 K) when the current density is fixed at 1 A cm-2. This thicknesses range 
considered quite thin for electrolyte-supported SOFCs but it is suitable to apply for 
anode-supported cell design. If current density level is smaller for a particular 
application, the optimum electrolyte thickness increases. If the current density is 
decreased until 0.01 A cm-2, the optimum electrolyte thickness was calculated 50 μm 
to 1mm at the intermediate temperature region. It implies CaTi1-xScxO3-δ (x=0.05, 0.1) 
could be achieved with electrolyte-supported SOFCs. Based on this result, it is 
concluded that CaTi1-xScxO3-δ (x=0.05, 0.1) had a potential as an electrolyte 
depending on required current density level as an anode-supported design at high 
current density, or as an electrolyte-supported design at medium-range current density.  
As a result, it was clarified that CaTi1-xScxO3-δ (x=0.05, 0.1) electrolyte was 
possible to fabricate the interlayer-less SOFCs using La0.6Sr0.4CoO3 due to its 
excellent chemical compatibility and most of overpotential were responsible for 
ohmic loss. Moreover, the thickness of CaTi1-xScxO3-δ (x=0.05, 0.1) electrolyte could 
be controlled depending on current density level as well. To apply CaTi1-xScxO3-δ 
(x=0.05, 0.1) electrolyte at the intermediate temperature SOFC, however, further 






5.4. Recommendation for future directions 
Future directions of this research are suggested as followings. First, optimizing 
the lattice parameter, positional parameter data base for Rietveld refinement will be 
performed. Based on WPPD analysis of CaTi1-xScxO3-δ (x=0.05, 0.1), it was 
confirmed there were some evidences for phase transitions in both of CaTi1-xScxO3-δ 
(x=0.05, 0.1) specimens at around 673 K and 973K, respectively. Moreover, low GOF 
values also indicated fitting process is well matched with CaTi1-xScxO3-δ (x=0.05, 0.1) 
although WPPD method could not interpreted having high reliability compare with 
Rietveld refinement. Thus, best fitted lattice parameter, positional parameter data base 
would be optimized for Rietveld refinement. More detail relationship between 
mechanical analysis and drastic unit cell expansion will be discussed based on 
Rietveld refinement. And it will be investigated not only increasing temperature but 
also decreasing temperature for HT-XRD analysis to understand detail relationship 
between conductivity and mechanical properties of CaTi1-xScxO3-δ (x=0.05, 0.1). 
Secondly, optimization of CaTi1-xScxO3-δ (x=0.05, 0.1) electrolyte would be 
performed from decreased polarization point of view. Polarization losses were also 
dramatically improved by application of La0.6Sr0.4CoO3 cathode and Ni- CaTi1-xScxO3-
δ (x=0.05, 0.1) anode. It was clarified the ohmic loss of CaTi1-xScxO3-δ (x=0.05, 0.1) 
electrolyte is responsible for most of the voltage loss in La0.6Sr0.4CoO3 / CaTi1-xScxO3-
δ (x=0.05, 0.1) /Ni- CaTi1-xScxO3-δ (x=0.05, 0.1) concentration cell. However, quite 
high anodic overpotential was observed especially at anode side, so, further 
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